The m ethods investigated for the control of grain size in magnesium casting alloys were (1) stirring of carbonaceous solids into the molten alloy, (2) bubbling of carbon monoxide through the melt, (3) melting in a silicon carbide crucible, and (4) treatment wit h lump magnesite. In the last method, the magnesite was placed deep in the molten metal, where it dissociated thermally, generating a carbonaceous gas that bubbled through the m elt. The grain size and tensile properties were det ermined on sp ecimens from each melt, and these were compared with data from melts that had been superheated as we ll as those that had received no special treatment. Th e results indicate that magnesium alloys that have been properly treated with carbonaceous materials possessed grain-size and tensile properties eq uivalent to those obtain ed in s uperheated metal. The magne ite method is a simple, inexpensive, and convenient means of developin g a fine-grained structure in magnesium casting alloys.
Introduction
It is well known that castings of magnesium alloys tend to have a coal' e-grained structure unless suitable teps are taken to in ure the development of fine grain . The usual method for produ cing fine-grained structure ha been to superheat the molten metal, a procedure initially described in 1931 in a British patent [1] .I Superheating, in general, consists in h eating a molten magne ium alloy to 250 0 or 300 0 C above the liquidus, and after holding it there for a r equired period, cooling it to the desired temperature and pouring without delay. In recent years, with the increasing interest in magnesium casting alloy, other procedures have been proposed to accomplish this end and thereby avoid some of the disadvantages of superheating. Most of these involve treatment of the molten metal with carbon or a carbon compound. atural gas [2, 4] , acetylene [2, 4] , carbon monoxide [5] , carbon dioxide [2, 5, ' 6] , and a combination of chlorine and carbon tetrachloride [2, 3] have been r ecommended for bubbling through the molten metal. M echanical agitation [4] alone and with additions of finely divided solid carbonaceous matter [6] J Figures in brackets indicate the literature references at the end of this paper.
Grain Size in Magnesium Casting Alloys like coal, peat, graphite, coke, etc., has also been proposed. A process involving noncarbonaceous materials is the German "Elfina.l" [7] treatment of the molten magnesium with anhydrous ferric chloride.
Although numerous worker have investigated the problem of developing a fine-grained structure in magnesium castings, and many procedures have been r ecomm ended for the control of grain size, knowledge of the actual mechanism involved is far from complete. The fact that superheating and carbon treatments produce similar r esults and that both are effective only if aluminum is present have suggested that a compound containing aluminum or aluminum and carbon may be essen tial. Actually, aluminum carbide has been used for controlling grain size [2] . It appears probable that during the treatment some slightly soluble substance is absorbed, and precipitates as very fine particles throughout the melt in the early stages of solidification, to form the necessary nuclei. However , the identity of this substance has not bee n established.
During the course of an investigation at the National Bureau of Standards of th e influence of melting and casting conditions on the properties of magnesium castings, a procedure for grain-size control was devised that appears promising be-cause of its simplicity. The procedure consists in treating the molten alloy with magnesite in lump form. In this paper a comparison is made of the results obtained when magnesium-alloy melts are superheated, treated with solid carbonaceous materials, with carbon monoxide, or with lump magnesite.
II. Equipment and Procedure
Most of the melts were made in a high-frequency induction furnace (960 cycles). The crucibles were of ca t steel, 13 in. high and 10~ in. in outside diameter, with a wall thiclmess of }~ in. The use of steel crucibles diminished the usual "coning up" of the molten charge in the high-frequency furnace and permitted the maintenance of an adequate flux cover on the melt. For comparison, a few melts were made in a gas-fired furnace with a steel crucible, and one special heat was made in a silicon carbide crucible in the high-frequency furnace.
Tern perature measurements were made with an 18-gage Chromel-Alumel thermocouple, encased in a closed-end steel tube with an outside diameter of Yt6 in. and a wall thiclmess of 0.025 in.
The melting procedure was as follows :
A small quantity of flux 2 was placed in the cold crucible, the metal charge was introduced, and additional flux was added as required during the melting. At approximately 730 0 C, the molten metal was stirred and the surface dross was removed. In the superheating treatment flux was added, and the temperatUTe was raised to 900 0 C. This temperatUTe was maintained for 15 minutes, after which the crucible was removed ·from the fUTnace and cooled to the pOUTing temperature (760 0 C).
In the other treatments, the additions were made in the range from 730 0 to 750 0 C, and flux was added when necessary to avoid excessive oxidation. The temperature was than increased to between 760 0 and 800 0 C, after which the melt was cooled to the pouring temperature. All castings were poured at 760 0 C, and dUTing this operation the stream of metal was protected by the use of a dusting flux consisting of powdered boric acid and sulfur.
The castings were made in green sand molds, prepared from a sand formula suggested by Eastwood [8] . The mixture was as follows: The mold surfaces were generally dusted lightly with powdered sulfur before the molds were closed.
The castings used for grain-size evaluation and for measurement of the tensile properties were tensile test bars of two types. The first were % -in.-diameter cylindrical bars that were subsequently machined into standard 0.505-in.-diameter tensile test bars. Bars of the second type were cast to this shape and dimension and were tested without machining.
Grain-size determinations were made on a transverse section of a test bar from each heat. To outline the primary crystals, the specimens were held at 385 0 C for 1 hour, cooled in an air blast, and etched with acetic picral etchant. 3 Tests showed that the slight difference in diameter of the two types of test bars as cast did not affect the grain size appreciably.
The estimation of grain size was accomplished by comparing the mic:'os tructure at 100 magnifications with a chart [9] of structures with different average grain diameters. In the extremely coarse structUTes the approximate grain size was measured under low-power magnification.
The tests were performed on ASTM Alloy No . 4, a magnesium alloy widely used for generalpurpose sand-casting. The nominal composition of this alloy is as follows: Aluminum, 6 percent; zinc, 3 percent; manganese, 0.2 percent; balance, magnesmm.
III. Results

Treatments for Grain-Size Control
or r emelted metal. The results of the tensile t ests illustrate the tendency toward somewhat higher values on cast-to-size bars over those tha t were machined. The ultimate t ensile str engths for the machined bars from melts 3, 4, and 5 wer e nearly all in the range 26,000 to 27,000 lb/in. 2 , wher eas the values for the cast-to-size bars of melt 5 were approximately 3,000 lb jin. 2 higher. The Two melts were made to illustrate the coarse grain developed in the absence of any special trea tment. In these runs, the 25-lb melts wer e stirred, skimmed, and heated to about 785 0 C, cooled to 760 0 C, and poured. When the melt was made in the high-frequency induction furnace (melt 1, table 1) the cast tes t bars had an average grain size of 0.05 in. , whereas in a duplicate melt (2) made in a gas-fired furnace, the average grain was 0.02 in. in diameter. It is possible that the finer grain of the latter may have been caused by absorption of carbonaceous gas from the furnace. However, the ultimate t ensile strengths, 20,900 and 23,100 lb /in .2, are both characteristic of coarse-grained castings.
. higher values obtained on the cast-to-size bars are probably due to the presence of a fine-grained surface layer or skin that is removed in the preparation of the machined specimens.
The effect of sup erheating to 900 0 C is shown in the results of melt 3, 4, and 5 r ecorded in table l. Superheating produced a uniformly fine grain of 0.004 and 0.005-in. in diameter, r egardless of whether the melt was made in the gas or induction furnace or whether the charge consisted of virgin A study of the effectiveness of carbonaceous additions to the metal was made in melts 6 to 10 . The additions were made at 730 0 to 750 0 C . after which the melts wer e h eated to 800 0 C and then cooled to the pouring t emperature, as r ecommended by Mahoney, Tarr, and L eGrand [6] . The additions of from 0.2 t o 0.8 percen t of graphite to the melt wer e stirred in vigorously for 3 minutes. Small additions of flux were necessary to avoid burning in this opera tion. Neither the granular graphite (10 to 20 mesh ) nor the powdered graphite (finer than 100 mesh ) had the desired effec t on th e grain ize of casting from melts 6 and 7 (average diameter , 0.030 in. ). In contrast to these melts made in the induction furnace, the addition of granular graphite to melt 8 in a gas-fired furnace, produced a smaller grain size (0.014 in.) . This again may be an effect of furnace atmosphere as suggested previously for melt 2. It is believed that the r elat ively large grain size of the castings from melts 6, 7, and 8 was caused by inadequate contact between the molten alloy and the graphite particles, a condition that might be aggravated by the presence of liquid flux during the treatment. Another procedure that has been suggested for obtaining better contact between the molten magn esium alloy and a carbon compound consists in making the melt in a silicon carbide crucible. This was tried in melt 9, and the r esulting castings indicated a grain size of 0.006 in. This procedure might b e promising, except that the flux tends to pen etrate and weaken the walls of the crucible.
The effectiveness of carbon monoxide treatment was demonstrated in melt 10, in which the gas was bubbled through the molten m etal for 5 minutes at about 750° C. This treatment produced a grain size of 0.005 in., and the tensile properties wer e equal to those obtained from sup erheated metal. These r esults are in agreement with those obtained by Nelson and Holdeman [5) . Apparently some of t h e carbon monoxide is reduced by the hot magn esium to form nascent carbon, the distribution of which throughout the melt is aided by the agita tion produced by the gas bubbles. Carbon dioxide has been shown [2, 5, 6) to be effective in the same manner. This gas can be generated by placing lumps of magnesite in the melt, thus eliminating the n eed for any special apparatus for the gas t r eatmen t.
The use of magnesite as a so urce of carbon fo r controlling grain siz e in magnesium castings was reported by Mahoney, Tan, and L eGrand [6) , who apparently used it in the same manner as other -carbonaceous materials, that is, by stirring th e powder into the melt. Natural lump magnesite, which has a specific gravity between 2.8 and 3.1, decomposes in the range 200° to 750° C [10J and evolves carbon dioxide.
In order to evaluate the usefulness of lump m agnesite for the control of grain size, white 268 California magnesite ' was used in a series of experiments. The regular melting practice was followed using a steel crucible in the high-frequency furnace.
The results for grain-size control through the use of magnesite are ill ustrated in melts 11 to 22. In melt 11 , approximately 75 g of magnesite, pea size and smaller, was added, but these small pieces remained on the top surface of the melt without the desired action. When a lump about 1 in. in diameter was added it sank into the melt at once and evolved carbon dioxide, which bubbled up to the surface. A thin flux cover was applied, and the decomposition of the magnesite continued for several minutes. The castings were poured at the usual temperature. Subsequent tests indicated an average grain size of 0.005 in ., and tensile properties equivalent to those obtained by superheating.
Additional experiments showed that in some instances the gas evolution tended to float the magnesite, thus limiting the effectiveness of the gassing. This problem was solved by placing the magnesite," generally pieces about % in. in diameter, in a perforated sh eet-iron container that could be held at the bottom of the cruci ble. Fifty grams of magnesite was sufficient for the control of grain size in melts ranging from 18 lb. to the capacity ' of t he crucible, 45 lb., and was equivalent to 0.25 to 0.60 percent of the weight of the charge. Treatment with less than 25 g of magnesite was inadequate even for a small charge. The procedure ultimately adop ted was to stir and skim the melt at 730° C, and immerse the magnesite for 5 minutes with flux additions as required. The temperature then was raised to 760° C, and the metal was poured.
These experiments indicate that the use of lump magnesite do es no t introduce large inclusions into the melt, because the decomposition of the magnesite occurs with little change in physical form, and the r esulting magnesia is r etained in the perforated metal container. Microscopic examination (at X 100 ) of the sections used for grain size evaluation showed no evidence of magnesia inclusions.
M elts 11 to 15 wore made with new ingot metal, 16 , was a remelt of coarse-grained metal, whereas mixed stock of both coarse and fine grain was remelted for heats 17 t o 22 . Satisfactory fine grain was obtained in aU cases, and the physical properties of the castings as indicated by tensi le tests, were eq ual to those of sup erheated metal.
Effect of Remelting Fine-grained Castings
Fine-grained magnesium alloys do not always retain a fine structure after r emelting. : Mahoney, T arr, and L eGrand [6] pointed out that the n eed for further grain-size control upon remelting was not as great with metal previou sly treated with carbon as with sup erh eated ingot or scrap. Eastwood, Davis, and D eHaven [3] state that in their recommended procedure of passing a mixture of carbon tetrachloride and chlorine through the mol ten alloy, the ten dency of th e original melt to form fine grains is retained when the castings are remelted. Furthermore, they report that if an alloy is made from 25 percent or more of previously treated metal, the castings will have a fine grain.
A few experiment were includ ed to ascertain th e degree to whi ch fin e-grain characteristic wer e retained upon remelting. In melt 23 the charge consisted of metal from melt 3, which possessed an average grain size of 0.005 in. , obtained by superheating. When the metal was melted, heated to 760 0 C, and poured without any special treatment, the re ul tiog grain siz e in the test casting wa about 0.040 in. , indicating complete loss of any tendency toward fin e grain. Melt 24 wa a similar remelt of metal from melt 10, which had been treated with carbon monoxid e and which had a grain size of 0.005 in. After remelting and recasting, a grain size of 0.02 5 in. was obtaio?d. The fine-grained castings from melt 22, whICh had been treated with magnesite, were r emelted in melt 25. Castings from this mel t had an extremely coarse grain (0.070 in. ). Thus, in each instance the tendency toward fine grain was lost upon remelting, r egardles of the method by whi ch fine grains were produ ced in the original mel t.
IV. Discussion of Results
The r esults verify previous reports on the effectiveness of using gaseous carbon compounds for the control of grain siz e in magnesium alloy castings. However, treatment with graphite, whether Grain Size in MagnesiuIU Casting Alloys 755528-4i --6 granular or powdered, did no t prod uce th e des ired fin e grain in test castings. The poor showing of this method was undoub tedly due to the difficulty of obtain,ing a satisfactory con tact between the graphite and the molten alloy. Th e vigorous stirring required during the carbon addition favors oxidation of the metal, and flux additions to control the oxidation appear to limi t the action of the carbon. When gaseous carbon compounds are bubbled through molten metal it is thoroughly stirred, and the reducing action of the magnesium app.arently produces carbon in a form that can be readily absorbed by the alloy.
The treatment with lump magnesite eliminates th e n eed for the equipment required to bubble gas through a mel t and gives the same action and effect as when a gassing treatment is used. The magnesite is inexpen ive, can b e stored con venien tly, and is simple to use. The e advan tages suggest applications of the method particularly in foundrie that operate on a small cale or do not work continuou ly with magn esium, and where it is desired to obtain fine-grain ed castings withou t resorting to sup erheating or to more elaborate equipment for grain-size control.
Th e tensile properti e of ca tings produced by the various trea.tments for grain-ize con Lrol, shown in table 1, demonstra te th e advan tage of fine grain, no matter how i t is ob tained. The hiO"hest ul timate tensile strengths wer e obtained b from castings hav ing a gr ain size of the order of 0.005 in.
The r esult obtained in remelting fine-grained castings produced from metal that had been superh eated, treated with carbon monoxide or with magnesite, indicate that with the technic used in t his investigation , the fine-grain characteristics of a magnesium casting are lost when the metal is remelted. The difference between the results for carbon monoxide or magnesite treatments and for those reported elsewher e for carbon tetrachloride-chlorine-treated alloys, is difficult to explain , in view of the fact that the control of grain size in each case has been attributed to the effect of carbon.
